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A considerable number of experiments on ?7-nucleon and ?7-nucleus interaction have been 
-^-^ performed in recent years and in parallel a number of theoretical works which employed 
Q>^ ■ various models to handle the ?7-nucleus dynamics have been published. Such a surge of 
On . interest is attributed to at least two main reasons. The first is of fundamental character and 
^ . addresses questions of particle physics such as the breakdown of the Okubo-Zweig-Iizuka 
Q^! {071) rule and the Charge-Symmetry Breaking (CSB) problem. The second reason comes 

\ from nuclear physics. The idea of forming an r^-mesic nucleus is very attractive to both 

experimentalists and theorists who are facing the challenge to explore new phenomena and 
address questions related to the great deal of overlapping between Nuclear and Particle 
Physics. 

^ ! In general the 77-physics is similar in spirit to a number of ideas which have been vigor- 

^ \ ously pursued in the last couple of decades: A(S) hypernuclear states, dibaryon resonances, 
O ■ antiprotonic states, just to mention a few. However, the ?7-meson has a very short lifetime 
(~ 10~^^ sec) which makes it impossible to generate ?7-beams. Due to it ?7-mesons are 



O 



. available only in final states of certain nuclear reactions. And the //-nucleus system plays an 
^ ' indispensable role in such investigations. 

For example the OZI rule can, in principle, be tested by examining the hidden strange- 
quark {ss) component of the nucleon. For this purpose, an experiment involving simultane- 
ous measurements of rj and 77' meson scattering from a single nucleon has been proposed [|I| . 
Ch ■ However, the feasibility of such experiment is limited by the lifetime of the mesons and the 
only possibility to circumvent this difficulty is to try to extract information on rjN and r]'N 
\ interactions using mesons produced on one nucleon and scattered by other nucleons. This 
\ leads us from the rjN problem to the ?7-nucleus one. 

The CSB question has been the subject of numerous investigations in nuclear and particle 
physics. One such example from nuclear physics is a possible manifestation of a CSB in the 
mirror photoproton and photoneutron reactions ^He(7,p)^H and ^He(7,n)^He which puzzled 
the experimentalists and the theoreticians alike, raising controversies for several decades 
without the question being settled yet (see and Refs. therein). 

It is nowadays believed that the CSB is caused by the mass difference between the u and 
d quarks which, unfortunately, cannot be measured directly. However, it can be formulated 
in another way, namely, in terms of quantum mixing of r] and 7r° mesons which have different 
isospins, 

\ri > = Itt > sin6' + |r/ > cos6' , 
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|7r° > = Ivr > cosO — \r] > sinO , (1) 

where \ fj > and > are pure isostopic states. When this mixing is taken into account along 
with the electromagnetic corrections one can reproduce the isomultiplet mass differences of 
(n — p), (H^ — E^), and (S^ — S+) pairs with a mixing angle of ^ = 0.013 0]. This mixing 
can also manifest itself in reactions involving these particles. One such reaction has been 
recently observed experimentally by Goldzahl et al. in the fusion process 

d + d^ a + TT^ (2) 

at an incident deutron energy T^i = 1100 MeV where a cross-section of 0.97pb/sr was found 
which is much higher than the one expected from pure electromagnetic 7r° production in 
the dd collision. Since the d and a have isospin zero and the vr'' 1, it is obvious that this 
reaction is forbidden except if CSB is manifested. Such a manifestation can be attributed 
to a mutual transformation of 7r° and f], i.e., the reaction can proceed via the formation of 
an ry-meson in an intermediate step, 

a + 7] 

d + d^a + fj (3) 
a + 7r°, 

where the zero-isospin particle rj is a mixture of the physical t] and 7r° states according to 
Eq. (ED, 

Ifj >= (|r? > -AItt" >) , 

with A = tan 6*. In such a case the reaction amplitudes for (j^) are mutually proportional 

f{dd «7r°) ^ -Xf{dd ar]) . (4) 

Based on these ideas Coon and Freedom |Q predicted earlier a cross section for the reaction 
(I) of 0.12pb/sr, i.e., about 10 time less than the experimental value. 

To explain this discrepancy, Wilkin surmised that the amplitude f{dd arf) is 
enhanced due to the resonant character of the rja interaction in the final state. Then an 
enhancement of the right hand side of Eq. @) automatically causes an increase of its left 
hand side. Following this idea, he incorporated the final state interaction via the rudimentary 
formula 

f{dd ami) = ^""^^ , (5) 

which involves the rja scattering length a^^j and the relative momentum p, and adjusted the 
constant in Eq. to fit few experimental points available for the reaction (irf — ar] [0 and 
thereby obtained the cross-section for (^. 

Such a simplified approach, however, can be considered only as a first qualitative step 
towards a proper understanding of the phenomenon. A quantitative analysis should be based 
on a microscopic treatment of the few-body dynamics of the ?7^He system which requires 
the development of models appropriate for the description of the r^-meson interaction with 
light nuclei. 
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The rjd problem has been considered for the first time on the basis of the exact Faddeev 
equations in [§]. The use of this rigorous method, however, is hmited to four particles. An 
alternative microscopic approach is the Finite Rank Approximation (FRA) of the nuclear 
Hamiltonian, within which the rjd, rj^B., ?7^He, and r^^He systems were considered (see Refs. 
p|-p!^). The only approximation used in this approach is the truncation of the spectral 
expansion of the nuclear Hamiltonian to the effect that only the ground state of the nucleus 
is retained, 

HA-So\iJo){i^o\ . (6) 

Such an approximation, known in the scattering theory as the coherent approximation, 
means that we neglect virtual excitations of the nuclear target during the r^-meson scattering. 
Of course when the collision energy is close to or above the excitation threshold, the accuracy 
of such an approach is questionable. If, however, we are interested in very low energies 
(scattering length calculations) or negative energies (bound states), then this approximation 
(^) must be very reliable. Although a formal proof of this was given in Ref. |jl5[, from our 
physical intuition it is clear that contributions to rj'^B.e scattering length, for example, from 
virtual excitations which lie at least 20 MeV above threshold should be very small. 

In the FRA the approximation (^) is the only one used while the rest of the calculations 
can be done exactly. To derive the FRA equations, we start from the many-body Lippmann- 
Schwinger equation for the total T-operator, and after certain algebraic manipulations we 
obtain the following equivalent system of equations 

T{z) = t Tf{z) + E T^{z)-^HA—-f^--T{z) , 

1=1 i=l Z — z — Uq — Ha 

(7) 

Z ~ Hq j^i 

where A is the number of nucleons, z the total rjA-eneigj, Hq the Hamiltonian of the free 
motion of rj with respect to the cm. of the nucleus, Tj^ are the auxiliary operators, and ti 
the two-body r^-nucleon T-operators in the many-body space. With the approximation (^ 
the integral equation for the elastic scattering amplitude {p' ,ipo\T{z)\p,ipQ) becomes one- 
dimensional (only with respect to the relative momentum p) 

{HnzMo) = {MET^i^m + (^olE^''(^)l^o)7 — rr . A HT{zMo) . 

i=i i=i [z - Uo)[z - no - to) 

(8) 

Thus, the whole problem is separated into two parts: first we have to find the auxiliary 
operators T° (in the many-body space) and then to solve the integral equation (H) (in the 
p-space only). This separation has been chosen in such way that the equations in the many- 
body space (for T°) do not involve and can therefore be solved exactly for reasonably 
large number of nucleons A, especially with a separable two-body rjN interaction. The 
nuclear wave function ipo can be found separately by any appropriate method. 

Since direct experiments on rjN scattering are not feasible, our knowledge of the t]N 
interaction is poor. At low energies, however, it has been established that this interaction 
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is attractive and very strong due to the dominance of the A^*(1535) 5*11 - resonance. This 
dominance imphes that the rjN amphtude has a pole at a complex energy and can be 
represented in the form 

with Eq = 1535 MeV — (m7v + m^), T = 150 MeV [1^. It was found via a two-channel fit to 
the ttN — > ttN and irN — »• rjN experimental data that the range parameter is a = 2.357 fm~^ 



T^. The remaining parameter A is chosen to provide the correct zero-energy on-shell limit, 



i.e., to reproduce the rjN scattering length ar,N, 

t^Ar(0,0, 0) = a^AT. 

The scattering length a^^r is not accurately known. Different analyses |]18| provided values 
for the real part in the range Rea-^^r £ [0.27, 0.98] fm and for the imaginary part Ima-^^r G 
[0.19, 0.37] fm . 

Using the Marchenko inverse scattering theory, we have constructed a local rjN potential 
which generates the same phase shifts as the amplitude @ with a^^v = (0.55 + i0.30) fm. 
This potential is depicted in Fig. 1 where the rjN attraction is clearly seen. Since there 
is no centrifugal barrier in the S-wave state, the repulsive barrier of the potential itself is 
responsible for the Su resonance at ~ 50 MeV above threshold in the attractive well. This 
barrier is not wide and therefore easily penetrable causing the large width of the resonance. 

The strong rjN attraction raises the question of a possible existence of r]A bound states. 
If they do exist, the final-state T^-meson can be trapped by the nucleus for a relatively 
long time. This would open up new avenues for the elucidation of the rjA dynamics at low 
energies and perhaps shed more light on the CSB problem. First estimates obtained in the 
framework of the optical potential theory put a lower bound on the atomic number A for 



which a bound state could exist, namely, A > 12 fl^. Strictly speaking, genuine bound 
states cannot exist in ?7-nucleus systems because the inelastic channel rjN Nn is always 
open. This makes the rjN Hamiltonian non-Hermitian and thus only quasi-bound states 
can exist. 

In order to obtain reliable scattering lengths and to shed light on the quasi-bound state 
problem, we have performed microscopic calculations of the t] scattering from ^H, ^H, ^He, 



and "^He nuclei in the framework of the FRA (see Refs. |]9|-|14|). To obtain the necessary 



nuclear wave functions i/'o we employed the integro-differential equations (IDEA) ||2^ which, 
with the S'-wave Malfliet-Tjon A^A^-potential used, coincide with the exact Faddeev equa- 
tions. The scattering lengths thus obtained are shown on Fig. 2 {ar^d and a^4He) and Fig. 3 
(a^3H and a^sHe)- 

For each of the four nuclei considered, the scattering lengths were calculated with eight 
values of the strength parameter A of Eq. (y), corresponding to eight values of Rea^A?: 
{(0.2 -|- O.ln) fm; n = 1,8}, which cover the uncertainty interval. The Ima^^v was fixed to 
the value 0.3 fm. An increase of Rea^Tv moves the points on Figs. 2 and 3 along the curve 
trajectories in the anti-clockwise direction. When Re Qj^n exceeds a certain critical value the 
r]N interaction becomes strong enough to generate a quasi-bound state. The points on the 
corresponding trajectories beyond that value are shown by filled circles (the trajectories for 
^He and are practically the same). 
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The FRA approach enables us to look for bound and resonant states as singularities 
of the S-matrix. It is known [21] that the resonant and quasi-bound state poles of the 
S-matrix, generated by a non- Hermit ian Hamiltonian, are situated in the second quadrant 
of the complex momentum plane (below and above its diagonal respectively). The poles 
found with a^Tv = (0.55 -|- z0.30) fm are shown in Fig. 4. When Rea^^Ar increases, all the 
poles move up and to the right, and when a resonance pole crosses the diagonal it becomes 
a quasi-bound pole. The minimal values of Re a^Ar which generate the 'zero-binding' (the 
poles just on the diagonal) are given in the table below. 
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Table 1 



All these values are within the uncertainty interval Rea^Ar G [0.27,0.98] fm. Thus even 
the possibility of an rjd binding cannot be at present excluded. Latest estimates of Re o^at 
2^ are concentrated around the value Rea^A? ~ 0.7 fm, which enhances our belief that at 
least the a-particle can entrap an 77-meson. 

Finally, we would like to emphasize that the spectral properties of Hermitian and non- 
Hermitian Hamiltonians are quite different. Locating quasi-bound states is a delicate prob- 
lem which can be treated only by rigorous methods. As we have shown in Ref. ]]T3[ the rjA 
scattering length can say nothing about the existence or not of an rjA quasi-bound state. 
This is clearly seen on Figs. 2 and 3 where the trajectories go smoothly from open to filled 
circles without any drastic changes or extreme values. 
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